ABSTRACT The primary aims of this study were to quantify the density of Ixodes pacificus Cooley and Kohls nymphs and adults of the same generational cohort collected within a single year in six oak or madrone leaf litter habitats and to compare the prevalence of infection with Borrelia burgdorferi sensu lato (s.l.) in adults originating from nymphal cohorts with a low (Ͻ1%) versus high (Ͼ10%) infection prevalence. Because adult densities were very low both in and adjacent to several sites, direct comparisons of infection prevalence between nymphs and adults were possible only for two sites. Mean density in these sites decreased from 11.95/100 m 2 for nymphs to 0/100 m 2 for adults in leaf litter, and infection prevalence with B. burgdorferi s.l. was four-fold higher in nymphs (7.4%) versus adults (1.6%) of the same generational cohort collected in ecotones bordering the leaf litter areas. Assuming a density of adults in leaf litter of 0.04/100 m 2 (mean for all six examined sites) and an infection prevalence similar to that found in adults collected from litter ecotones, the risk of encountering infected ticks in leaf litter decreased Ͼ1,000-fold from the nymphal to adult stage. Regardless of site-speciÞc infection prevalence in the nymphal stage (n ϭ 2 sites; 0.7 versus 14%), the infection prevalence for the adults of the same generational cohort was similarly low (1.5Ð1.6%). Peak densities of adult I. pacificus were 0 Ð 0.1/100 m 2 in leaf litter, 0 Ð 6.5/100 m 2 in ecotonal grasslands, and 2.0 Ð39.0/100 m 2 in ecotonal chaparral. Despite more intensive sampling efforts in leaf litter, the vast majority of the 282 adults collected came from grass or chaparral ecotones (98.9%, n ϭ 279) rather than leaf litter (1.1%, n ϭ 3). The study yielded eight B. burgdorferi s.l.Ðinfected adults; four of these carried B. burgdorferi sensu stricto Johnson, Schmidt, Hyde, Steigerwalt, and Brenner, and the remaining four were infected with currently undescribed B. burgdorferi s.l. spirochetes. This is the Þrst study comparing both density of I. pacificus nymphs and adults and prevalence of infection with B. burdorferi s.l in these ticks within the same generational cohort and sampling area.
IN THE FAR-WESTERN UNITED STATES, the tick Ixodes pacificus Cooley and Kohls is the primary bridging vector to humans and domestic animals of Borrelia burgdorferi Johnson, Schmidt, Hyde, Steigerwalt, and Brenner, the causative agent of Lyme disease in North America (e.g., Burgdorfer et al. 1985 , Lane and Lavoie 1988 , Clover and Lane 1995 . In northwestern California, humans are at risk for exposure to I. pacificus adults from late fall to early spring in open grassland, chaparral, or woodlands with a ground cover dominated by grasses or herbaceous vegetation (e.g., Lane and Lavoie 1988 , Kramer et al. 1993 , Clover and Lane 1995 , Lane 1996 . In contrast, risk of exposure to nymphs is greatest from late April to June (Eisen et al. 2003b ) and restricted to dense woodlands with a leaf or Þr needle litter ground cover because the nymphal stage typically does not ascend emergent vegetation (e.g., Clover and Lane 1995 , Tälleklint-Eisen and Lane 2000a . Only one previous study, restricted to a single small area (120 m 2 ), has compared the density of nymphal and adult I. pacificus belonging to the same generational cohort in leaf litter (Clover and Lane 1995) . This study suggested that questing adults are absent or rare in that habitat type.
In north coastal California, prevalence of infection with B. burgdorferi sensu lato (s.l.) typically is higher in nymphs (5Ð15%) than adults (1Ð3%) (e.g., Burgdorfer et al. 1985 , Lane and Lavoie 1988 , Clover and Lane 1995 , Lane and Keirans 1999 , Tälleklint-Eisen and Lane 1999 , Li et al. 2000 . One previous study in Sonoma County compared prevalence of B. burgdorferi s.l. infection between nymphs and adults of the same generational cohort collected within different, yet contiguous, habitat types, and noted a four-fold higher infection prevalence in nymphs than adults . Studies focusing on a single generational cohort are crucial because, in Mendocino County, infection prevalence in nymphs can change more than 10-fold between tick cohorts (or years) in a given area (Eisen et al. 2004 ). However, Lane et al. (2001) did not assess both nymphal and adult densities within leaf litter, an important component in determining risk of human exposure to infected ticks in habitats with that speciÞc type of ground cover.
The primary aims of this study were to quantify the density of I. pacificus Cooley and Kohls nymphs and adults of the same generational cohort collected within a single year in six oak or madrone leaf litter habitats totaling Ͼ5,000 m 2 and to compare the prevalence of infection with B. burgdorferi s.l. in adults originating from nymphal cohorts with a low (Ͻ1%) versus high (Ͼ10%) infection prevalence. This is the Þrst study comparing both density of I. pacificus nymphs and adults and prevalence of infection with B. burdorferi s.l. in these ticks within the same generational cohort and sampling area. . Sampling was conducted from 0800 to 1600 hours on two occasions per site during May 2000. This effort is estimated to have removed ϳ10% of all nymphs present in these areas (Tälleklint-Eisen and Lane 2000b) . The timing of nymphal sampling corresponds to peak activity at HREC as determined by previous nonremoval sampling (Eisen et al. 2003b ). Tick-drag sampling was carried out along Þxed transect lines spaced 3 m apart, and the drag was examined for ticks every 15 m. For sites with low nymphal densities, additional nymphs were collected between regular sampling transects on the last day of drag sampling. These ticks were not included in density estimates. Nymphs were stored alive at 4ЊC and high relative humidity before examination for B. burgdorferi s.l.
Materials and Methods

Study
Adult I. pacificus were collected bi-weekly from 18 December 2000 to 26 March 2001 in ecotonal grass (n ϭ 5 sites ranging in size from 100 to 340 m 2 ) or chaparral (n ϭ 2, each 100 m 2 ) habitats adjacent to the six litter areas where nymphs of the same generational cohort had been collected during May 2000. Sites were sampled in the same order beginning at Ϸ0900 hours on all occasions except for the last two, when vegetation was too wet to sample during the morning hours. On those dates, sampling began at Ϸ1200 hours. Sampling was conducted using a 1 by 1 m white ßannel ßag. The width of the ßag used to collect adults (1 m) was identical to that of the drag used for nymphal sampling. The longer 1.25-m blanket is used for nymphs because, in contrast to adults that seek hosts from emergent vegetation, they often quest from the underside of leaves , and thus, the leaves need to be turned over before the nymphs can attach to the drag. In ecotonal grasslands (Beasley, James I, Pepperwood, Tank, and Lake), adult ticks were collected in Þxed 10-m transects covering a total of 100 Ð340 m 2 per site and occasion. The ßag was checked for adults every 10 m, as opposed to every 15 m for nymphs, because I. pacificus adults disengage from the blanket more readily than nymphs. A previous study showed that at distances Ͼ10 Ð12 m, drop-off rates of adults signiÞcantly affected the number of ticks observed on the ßag (Li and Dunley 1998) . In ecotonal chaparral (Beasley and James II), 100 sweeps, each averaging Ϸ1 m 2 , were carried out per area and sampling occasion. Each sweep covered a 180Њ arc over the brush, and the ßag was checked after each sweep. In addition, the litter areas where I. pacificus nymphs previously had been collected were resampled bi-weekly (following the sampling schedule described for adult sampling in ecotones) by dragging a 1 by 1.25-m white ßannel cloth through the litter and inspecting it every 10 m. To increase sample sizes for pathogen detection, additional adults were collected in ecotonal areas 10 Ð30 m from the adult sampling sites; these ticks were not included in density estimates. All collected adult ticks were stored in 70% ethanol for later identiÞcation of species and sex and pathogen detection.
Detection of Pathogens in Ticks. Adult ticks were examined for presence of B. burgdorferi s.l. by polymerase chain reaction (PCR). Brießy, DNA extractions were carried out using DNeasy animal tissue extraction kits (Qiagen, Chatsworth, MA) with the following modiÞcations. Before extraction, individual ticks were placed in 500 l of 70% ethanol and vortexed brießy. The ethanol was removed, and ticks were vortexed for 10 s in 200 l ddH 2 O. After pipetting out the water, 180 l of ATL buffer was added, ticks were macerated using a sterile disposable pestle, and 20 l of proteinase K was added. This solution was vortexed and incubated overnight at 55ЊC. The primary PCR reaction assays used 3 l of DNA extracts as the template in a total reaction volume of 25 l. All PCR reaction mixtures contained 2.5 l of 10ϫ PCR buffer (PE Applied Biosystems, Foster City, CA), 2.5 l of 8 mM dNTP, 1.5 l of 25 mM MgCl 2 , 1 l of 10 M primers, and 0.2 l of 5 U/l Taq polymerase (PE Applied Biosystems). The cycling conditions involved an initial 4-min denaturation at 94ЊC followed by 40 ampliÞcation cycles each consisting of a 1-min denaturation at 94ЊC, a 1-min annealing at 55ЊC, and a 1-min extension at 72ЊC. These cycles were followed by a 10-min extension at 72ЊC. Annealing temperatures and times were varied for each primer set to determine optimal PCR conditions. Each sample was tested with primers targeting the 5S-23S intergenic spacer region of B. burgdorferi s.l. (Postic et al. 1994 ). All PCR runs contained B. burgdorferi s.l.Ðin-fected nymphal I. pacifcus ticks and distilled water as positive and negative controls, respectively.
For sequencing, all of the positive PCR products were puriÞed with a QIAquick PCR PuriÞcation Kit (Qiagen). Each 10-l cycle-sequencing reaction contained 5.5 l of PCR-grade water, 2 l of Big Dye Terminator Ready Reaction Mix (PE Applied Biosystems), 0.5 l of 3.2 M primer, and 2 l of puriÞed PCR product. Amplicons were sequenced using their PCR primers. All cycle-sequencing products were puriÞed with Sephadex Centri-Sep columns (Princeton Separations, Adelphia, NJ) and run on an ABI 377 sequencer (PE Applied Biosystems). The sequences were aligned using the software Sequencher 3.1 (Gene Code, Ann Arbor, MI). To determine genospecies of B. burgdorferi s.l., each amplicon was characterized by comparing DNA sequences with those of strains available in GenBank.
In keeping with the protocols used in a long-term study of B. burgdorferi s.l. at HREC (Eisen et al. 2004) , whole-body smears of I. pacificus nymphs were examined for B. burgdorferi s.l. by direct immunoßuores-cence assay (DFA), using a commercial ßuorescein isothiocyanate-labeled goat-anti-B. burgdorferi antibody (Kirkegaard & Perry Laboratories, Gaithersburg, MD). Adults collected in the current study were tested by PCR to facilitate screening for additional pathogens. The efÞciencies of PCR and DFA to detect B. burgdorferi s.l. in I. pacificus nymphs were previously compared as follows. Nymphs collected simultaneously from six sites in Mendocino County, including HREC, in 1998 were examined by PCR (80 Ð100 nymphs/site; see Eisen et al. 2004 for details on detection by PCR) or DFA (55Ð150 nymphs/site). Nymphal infection prevalences derived either by DFA (2.0, 2.7, 3.2, 11.7, 30.9, and 41.3%/site, respectively) or PCR (3.3, 2.5, 7.0, 16.0, 21.0, and 31.0%/site, respectively) were similar at each of the six sites examined (Fisher exact two-tailed test, P Ͼ 0.10 in all cases; C.-C. Chang, L. E., R. J. E., and R. S. L., unpublished data). Furthermore, there was no clear trend in infection prevalences either increasing or decreasing by PCR relative to DFA. Therefore, infection prevalence data based on PCR analysis were judged to be comparable with those obtained by DFA. Data on infection prevalence in nymphs are part of a larger data set from Mendocino County presented by Eisen et al. (2004) .
Results
Density of I. pacificus Ticks. Peak density of nymphs (range, 3.8 Ð13.0/100 m 2 ) was signiÞcantly higher than that of adults of the same generational cohort (range, 0 Ð 0.14/100 m 2 ) within all six leaf litter habitats examined (t s Ն 6.29; df Ն 116; P Ͻ 0.0001 in all six cases; WilxoconÕs test with normal approximation; Table 1 ). Overall, mean density decreased 225-fold from 9.03/ 100 m 2 for nymphs to 0.04/100 m 2 for adults in leaf litter. Site-speciÞc relative densities of I. pacificus adults peaked from mid-December to mid-January (Table 1) . Per site, peak densities in ecotonal grasslands and chaparral ranged from 0.6 to 39 adults/100 m 2 (Table 1; median of 2/100 m   2 ). Despite more intensive sampling efforts in leaf litter, the vast majority of the 282 adults collected came from grass or chaparral ecotones (98.9%, n ϭ 279) rather than leaf litter (1.1%, n ϭ 3).
Density of nymphs in leaf litter was signiÞcantly higher than density of adults in adjacent grassland for each of the Þve sites where grass was sampled (t s Ն 2.12; df Ն 59; P Յ 0.03 in all cases; Table 1 ). At James II, nymphal density in leaf litter was higher than adult density in adjacent chaparral (t s ϭ 5.63; df ϭ 164; P Ͻ 0.0001), whereas adult density in ecotonal chaparral at Beasley exceeded that of nymphs in leaf litter (t s ϭ 4.31; df ϭ 159; P Ͻ 0.0001).
Prevalence of Infection with B. burgdorferi s.l. Prevalence of infection with B. burgdorferi s.l. in nymphs and adults (for sites with Ͼ100 ticks examined per life stage) ranged from 0.7 to 14.0% and 1.5 to 1.6%, respectively (Table 2) . Because adult densities were extremely low at some sites, statistical comparisons of infection prevalence between nymphs and adults could only be made at two sites. At Beasley, prevalences of infection with B. burgdorferi s.l. in nymphs and adults were similarly low (0.7 and 1.5%, respec- tively; Table 2 ). At Pepperwood, the infection prevalence decreased signiÞcantly from the nymphal to adult stage (14 and 1.6%, respectively; Fisher exact test, P Ͻ 0.001; Table 2 ). The overall infection prevalence at HREC was two-fold higher in nymphs (5.9%) versus adults (2.8%) of the same generational cohort at HREC (P Ͻ 0.05; Table 2 ). For the two sites with sufÞcient numbers of adults collected for determination of infection prevalence, mean density decreased from 11.95/100 m 2 for nymphs to 0/100 m 2 for adults in leaf litter, and infection prevalence with B. burgdorferi s.l. was fourfold higher in nymphs (7.4%) versus adults (1.6%) of the same generational cohort collected in ecotones bordering these leaf litter areas. Assuming a density of adults in leaf litter of 0.04/100 m 2 (mean for the six examined sites; Table 1 ) and an infection prevalence similar to that found in adults from litter ecotones, the risk of encountering infected ticks in leaf litter decreased Ͼ1,000-fold from the nymphal (0.88/100 m 2 ) to adult stage (0.0006/100 m 2 ). Of 282 adults tested for presence of B. burgdorferi s.l. infections, only 8 (2.8%) were infected (Table 2) . Infections were characterized to genospecies by comparing their DNA sequence of the 5S-23S intergenic spacer region with those of strains available in GenBank. Four of the eight sequences were characterized as B. burgdorferi sensu stricto (s.s.), with 98.5% similarity to B. burgdorferi SI-1 (AF221680). The remaining infections were distinct from B. burgdorferi and B. bissettii Postic, Marti Ras, Lane, Hendson, and Baranton, and were classiÞed as currently undescribed B. burgdorferi s.l. spirochetes.
Discussion
We conclude that oak woodland leaf litter habitats at HREC represent a signiÞcant risk of exposure to I. pacificus nymphs but minimal risk for adult ticks. SpeciÞcally, our data show that, within the same generational cohort, tick density and prevalence of infection with B. burgdorferi s.l. decreased signiÞcantly from nymphs to adults, and the density of infected ticks decreased over 1,000-fold from the nymphal to adult stage.
Within each site sampled in this study, nymphs were collected without difÞculty in leaf litter in May 2000 (peak densities of 3.2Ð10.7 nymphs/100 m 2 ). However, adults from the same generational cohort were either extremely rare or lacking within the same litter sites in the following winter. As in the previous study by Clover and Lane (1995) , adults were collected readily in grasslands or chaparral bordering litter areas virtually free of adults. The explanation for low adult densities in leaf litter areas where nymphs are abundant remains speculative. Feeding nymphs could be transported out of the litter into surrounding ecotones by their hosts. This is unlikely because nymphs commonly feed on western fence lizards, which have small home ranges of only up to Ϸ80 m 2 (Davis and Ford 1983) . Alternatively, adults may simply have walked from the leaf litter to the ecotones in search of emergent vegetation to quest on, stopping only in response to Þnding a vertical surface or chemical stimuli left by a potential host (Carroll et al. 1998 , Perret et al. 2003 . A previous arena study, in which vertical surfaces to quest on were readily available, suggested that I. pacificus adults rarely move more than 1 m (Loye and Lane 1988) . However, when no vertical surfaces are present, adults may be inclined to move greater distances horizontally. Finding a substrate to ascend could greatly increase the likelihood of the adult contacting a suitable host (i.e., deer). For example, questing at a height of 25Ð50 cm could enable the tick to contact a passing deer (Loye and Lane 1988) , whereas host-seeking in leaf litter may be successful only when deer bed down. Mortality rates of engorged nymphs also could differ between ecotones and leaf litter, such that those in leaf litter suffer far greater mortality. Finally, it is possible, although unlikely, that the efÞ-ciency of Þnding a host is far greater in leaf litter relative to ecotones, thus reducing the population size of questing adults in the litter. Clearly, further studies, especially on the horizontal movements of adult ticks in leaf litter, are necessary to understand the underlying mechanisms for the apparent lack of questing adults in leaf litter habitats.
The only previous study comparing prevalence of infection with B. burgdorferi s.l. for I. pacificus nymphs and adults of the same generational cohort (Lane et al. 2001) found a four-fold decrease from nymphs (6.5%) to adults (1.6%). Regardless of infection prevalence in the nymphal stage (0.7 or 14%) at HREC, we found that the proportion of adults of the same generational cohort infected with B. burgdorferi s.l. was similarly low (1.5Ð1.6%). The uniformly low infection prevalence in adults likely is related to life stageÐspeciÞc differences in host preference. Previous laboratory studies showed the reservoir competence for B. burgdorferi s.l. of several rodent species, including the dusky-footed woodrat (Neotoma fuscipes Baird), three species of Peromyscus mice, and the California kangaroo rat (Dipodomys californicus Merriam) (Brown and Lane 1992 , 1996 , Peavey and Lane 1995 , Eisen et al. 2003a ). In contrast, western fence (Sceloporus occidentalis Baird and Girard) and southern alligator [Elgaria multicarinata (Blainville)] lizards were shown to be refractory to B. burgdorferi s.s. infection, and infected nymphs were cleared of infection after feeding on western fence lizards (Lane 1990 , Lane and Quistad 1998 , Wright et al. 1998 ).
An earlier study in a chaparral area at HREC comparing relative infestation with I. pacificus larvae and nymphs of rodents versus Borrelia-refractory lizards showed that 99% of the nymphs fed on lizards (Casher et al. 2002) . Although not representing the same cohort of ticks as in this study, a recent comparison of relative tick use of small rodents and lizards in leaf litter at the HREC Beasley and Pepperwood sites revealed that 100% of I. pacificus nymphs recovered infested lizards (R. J. E., L. E., and R. S. L., unpublished data). Despite some potential B. burgdorferi s.l. reservoirs known to be infested by I. pacificus (e.g., birds and squirrels) not being included in either study, these Þndings do indicate, as previously suggested by Clover and Lane (1995) , that the observed decrease in infection with B. burdorferi s.l from nymphs to adults at our Pepperwood site (14 Ð1.6%) resulted from heavy feeding of the nymphal stage on Borrelia-refractory lizards.
